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論文内容の要旨 
 
Growing organs such as shoot, hypocotyl and root exhibit helical and spiral movements called 
circumnutation, which is believed to enable plants escape from environmental stresses or grow toward suitable 
environmental cues. Circumnutation appears with various amplitude, period and direction depending on plant 
species and organs. Although its mechanistic aspects are largely unknown, it has been postulated that 
gravitropic response is involved in the initiation, magnitude or maintenance of circumnutational movements. 
However, the results leading to the conclusions are controversial. 
To understand the relationship between circumnutation and gravitropic response in plants, therefore, in 
this study I analyzed circumnutations in roots, hypocotyls and inflorescence stems with agravitropic mutants 
and compared them with those of the wild-type plants. For that purpose, I used agravitropic roots of pea 
(Pisum sativum) mutants and the hypocotyls and inflorescence stems of various gravitropic mutants of 
Arabidopsis (Arabidopsis thaliana). That is because there was a technical problem in establishing an 
experimental system for observing circumnutational movements in Arabidopsis roots. In addition, my study 
also emphasized the involvement of auxin in circumnutation because it is a regulator important for gravitropism 
in plants. 
 
Involvement of gravitropic response and auxin in circumnutation of pea roots 
Plant circumnutation is helical movement in the growing organs such as shoots and roots. It has been 
reported that graviresponse is involved in circumnutation as an external oscillator in shoots. However, there is 
still argument for the hypothesis, and the relationship between circumnutational movement and graviresponse 
in roots remain unknown. In this study, I analyzed the circumnutation of agravitropic roots of pea (Pisum 
sativum L.) mutant, ageotropum, and compared it with that of the wild-type (cv. Alaska) pea roots. In addition, 
we examined the relationship of gravitropic response to circumnutation in roots of Alaska seedlings by 
removing the gravisensing tissue, the root cap, and by treating the roots with auxin transport inhibitors, 2,3,5-
triiodobenzoic acid (TIBA) and 1-N-naphthylphthalamic acid (NPA).  
Alaska roots showed circumnutation with a period of approximately 150 min, whereas ageotropum roots 
did not exhibit distinct circumnutational movement. Removal of the root cap resulted in reduction of both 
gravitropic response and circumnutational movements in Alaska roots. In Alaska roots treated with auxin 
transport inhibitors, not only the gravitropic response but also the circumnutational movement were 
dramatically reduced. Movements observed in ageotropum roots, de-tipped roots and NPA- or TIBA-treated 
roots of Alaska, were not circular in shape. These results suggest that an auxin-mediated graviresponse is 
essential for circumnutation of seedling roots. 
 
Circumnutation of the hypocotyls and inflorescence stems in gravitropic mutants of Arabidopsis 
plants 
It has been hypothesized that graviresponse and auxin are involved in circumnutation of plant shoots. 
The results of some studies support the hypothesis, but others are contradictory to the hypothesis. For 
example, circumnutation of sunflower stems occurred in microgravity, while agravitropic shoots of morning 
glory and rice hardly showed the circumnutation. In Chapter 1, I showed that agravitropic roots of pea 
seedlings also failed to display clear circumnutation and that auxin has a role to circumnutate. To further clarify 
the relationship between graviresponse and circumnutation and to examine the involvement of auxin in 
circumnutation in aerial parts of plant, therefore, I analyzed the circumnutational movements in hypocotyls and 
inflorescence stems of Arabidopsis plants. Namely, circumnutational movements of agravitropic mutants, shoot 
gravitropism1/scarecrow (scr), endodermal-amyloplast less1/short-root (eal1), and phosphoglucomutase 
(pgm), and auxin-resistant (axr2) mutant were compared with those of the wild type. Hypocotyls of scr and 
pgm mutants showed the circumnutations with shortened period and remarkably decreased amplitude, 
compared to wild type. Interestingly, on the other hand, eal1 hypocotyls showed distinguishably amplified 
circumnutation although I could not explain it in this study. Hypocotyls of axr2 exhibited no oscillatory 
movement at all.  
For the observation of circumnutational movements in inflorescence stems, I used agravitropic mutants 
(scr and eal1) and a polar-auxin-transport defective mutant (pin-formed1: pin1), together with their wild-type 
plants. Inflorescence stems of scr and eal1 displayed circumnutation with reduced amplitudes and shortened 
periods. In addition, circumnutation of inflorescence stems of pin1, which showed normal gravitropism, was 
similar to those of scr and eal1 mutants. Attenuated but distinct circular movements were observed in the 
hypocotyls and inflorescence stems of the mutants used. These results suggest that graviresponse and/or 
auxin dynamics affect(s) the amplitude and period of circumnutation, although the regulatory mechanisms 
could differ between hypocotyls and inflorescence stems in Arabidopsis plants. It is also possible that the auxin 
participates in the regulation of circumnutation independently of gravitropic response. 
 
[Conclusion] 
This study revealed that circumnutation in seedling roots essentially requires the gravitropic response. The 
gravitropic response may include the asymmetric auxin distribution mediated by auxin transport. In the 
hypocotyls and inflorescence stems, on the other hands, gravitropic response plays an important role in 
regulating the magnitude of circumnutation but not in its initiation and maintenance. In particular, 
circumnutation in inflorescence stems is more affected by gravitropic response than in hypocotyls. The PIN-
mediated auxin transport and auxin response are also involved in the circumnutation of hypocotyls and 
inflorescence stems, independently of gravitropic response and/or dependently of gravitropic response. Thus, 
regulatory mechanisms for circumnutation differ depending on plants organs. 
 Figure 1. Working hypothesis of the graviresponse- and auxin-regulated circumnutation in the plant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
論文審査結果の要旨 
 
植物の茎頂や根などは、螺旋状に運動しながら伸長する。これは回旋転頭運動 (circumnutation) 
と呼ばれ、固着性の植物が限られた空間の中で、よりよい環境を求めて成長し、遭遇するストレ
スを軽減・回避するために機能すると考えられている。回旋転頭運動のしくみについては、ほと
んど解明されていないが、内在的な要因と重力応答（重力屈性）がその原動力として関与すると
考えられてきた。その内在的な要因の実体は未だに不明であるが、植物ホルモンのオーキシン動
態の重要性が指摘されている。また、重力応答の関与については、疑似微小重力実験や宇宙実験
による検証も試みられたが、長い間、論争となっている。 
 そこで本研究では、回旋転頭運動と重力応答の関係を明らかにするために、重力屈性の欠損ま
たは低下したエンドウおよびシロイヌナズナの突然変異体の根、胚軸、花茎の回旋転頭運動を解
析し、野生型の回旋転頭運動と比較した。その結果、野生型の Alaska エンドウの根においては、
連続的な円運動が明確で、一回転に平均 150 分を要する回旋転頭運動がみとめられた。一方、重
力屈性を欠損したエンドウの突然変異体 (ageotropum) の根では、わずかな振動がみられたもの
の、回旋運動はみとめられなかった。また、野生型の Alaska エンドウにおいては、根の重力感受
組織である根冠を切除すると、根の伸長は影響を受けないが、重力屈性だけでなく回旋転頭運動
も阻害されることがわかった。さらに、オーキシン輸送阻害剤の TIBA または NPA を Alaska エン
ドウの根に処理すると、重力屈性とともに回旋転頭運動も阻害されることがわかった。 
 次にシロイヌナズナの重力屈性突然変異体を用いて、胚軸および花茎の回旋転頭運動における
重力応答とオーキシンの役割を検証した。その結果、重力感受細胞（内皮細胞）の分化異常によ
って重力屈性を欠損した scr 突然変異体、および重力感受に重要な役割を果たすアミロプラスト
形成に必要なデンプンの生合成異常によって重力屈性の低下を示す pgm 突然変異体の胚軸では、
回旋転頭運動がみられるものの、野生型に比較してその振幅が小さく、周期が長くなることがわ
かった。また、scrおよび pgm突然変異体の花茎でも同様に、回旋転頭運動の低下が顕著であった
が、回旋運動はみとめられた。さらに、オーキシン応答異常によって重力屈性を欠損した axr2 突
然変異体の胚軸は回旋転頭運動を示さず、重力屈性が正常なオーキシン輸送変異体の pin1 突然変
異体の花茎も回旋転頭運動を低下させた。 
 以上の結果から、本研究は、根の回旋転頭運動は重力応答によって制御されるオーキシン動態
に依存し、一方、胚軸および花茎では、重力応答は回旋転頭運動の大きさを調節することを明ら
かにした。さらに、後者では、重力応答非依存的なオーキシン動態も回旋転頭運動を制御するこ
とを示唆した。これは、今日まで論争となっている課題の解決に大きく貢献するもので、金慧正
氏が自立して研究活動を行うに必要な高度の研究能力と学識を有することを示している。したが
って、金慧正氏によって提出された論文は、博士（生命科学）の博士論文として合格と認める。 
